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Nanoscale zero-valent iron (nZVI) particles are efficient for the remediation of aquifers polluted by trichloroeth-
ylene (TCE). But for on-site applications, their reactivity can be affected by the presence of common inorganic co-
pollutants, which are equally reduced by nZVI particles. The aim of this studywas to assess the potential positive
effects of nZVI surface modification and concentration level on TCE removal in the concomitant presence of two
strong oxidants, i.e., Cr(VI) and NO3

−. A design of experiments, testing four factors (i.e. nZVI concentration, nZVI
surfacemodification, Cr(VI) concentration andNO3

− concentration),was used to select the best trials for the iden-
tification of themain effects of the factors and of the factors interactions. The effects of these factors were studied
by measuring the following responses: TCE removal rates at different times, degradation kinetic rates, and the
transformation products formed. As expected, TCE degradation was delayed or inhibited in most of the experi-
ments, due to the presence of inorganics. The negative effects of co-pollutants can be palliated by combining sur-
face modification with a slight increase in nZVI concentration. Encouragingly, complete TCE removal was
achieved for some given experimental conditions. Noteworthily, nZVI surfacemodificationwas found to promote
the efficient degradation of TCE. When degradation occurred, TCE was mainly transformed into innocuous non-
chlorinated transformation products,while hazardous chlorinated transformation products accounted for a small
percentage of the mass-balance.
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1. Introduction

Zero-valent iron (ZVI) particles are well-known today for their effi-
ciency in reducing chlorinated solvents (Roberts et al., 1996; Arnold
and Roberts, 2000) and inorganic contaminants (Choe et al., 2000;
Ponder et al., 2000) in polluted groundwaters. ZVI particles are com-
monly used as iron filings within permeable reactive barriers (PRBs)
for in-situ plume treatment. However, PRB longevity could be affected
by poor clogging and by rapid iron passivation, which reduces their
efficiency in treating pollutants (Henderson and Demond, 2007). ZVI
has been used to develop another process aiming at palliating these
effects: injection of nano-scale zero-valent iron (nZVI) particles in
contaminated groundwaters. The aim of this process is to transport
nZVI through the aquifer to target contaminated zones using suitable
injection techniques, in order to treat in-situ sources of pollutants like
dense non-aqueous phase liquid (DNAPL) pools. Thanks to their small
size and high surface area, nZVI exhibits higher reactivity than micro-
scale ZVI and could migrate along the aquifer porosity in subsurface
environment (Zhang, 2003).

Recently, many laboratory studies (Zhang, 2003) have proved the
efficiency of nZVI in reducing chlorinated compounds, especially tri-
chloroethylene (TCE) (Liu et al., 2005). However, poor nZVI mobility
was reported, due to the aggregation of the particles that causes particle
retention by aquifer material and pore clogging (Schrick et al., 2004;
Phenrat et al., 2007). Particle transport can be improved by coating
the particle surface with polymers or polyelectrolytes (Saleh et al.,
2007). Carboxymethyl cellulose (CMC), a water-soluble polysaccharide,
arousedmuch interest as it is cost-effective and environmentally friend-
ly (He et al., 2010; Cirtiu et al., 2011). In addition to the enhancement of
mobility, modifying the nZVI surface resulted in protecting the surface
by blocking some reactive sites. In terms of in-situ applications, this
could help limit nZVI oxidation (Wang et al., 2010) during transport
to the target contaminated areas, thusmaintaining sufficient particle re-
activity for the degradation of pollutants. Moreover, modifying nZVI
particles with CMC prevents further agglomeration, thus resulting in
smaller particle size and so higher surface area (unpublished data
(Kumar, 2013)).

In natural groundwaters, nZVI reactivity and lifetime (Dries et al.,
2005; Liu et al., 2007; Reinsch et al., 2010) could be significantly affected
by dissolved inorganic ions and reducible species. NO3

− (Farrell et al.,
2000; Schlicker et al., 2000; Liu et al., 2007) and Cr(VI) (Dries et al.,
2005; Jeen et al., 2013) are of particular concern because they are strong
nZVI-reducible oxidants. Nitrates, mainly from agricultural sources
(nitrogen fertilizers, livestock) and wastewater treatment plant efflu-
ents, are ubiquitous pollutants of groundwaters. Chromates are also
frequent soil and groundwater contaminants in the vicinity of metal
working/plating and related facilities, which also use TCE as metal
degreaser. Thus, groundwaters in several uncontrolled or abandoned
industrial sites are highly contaminated with the joint presence of
these three contaminants, as pointed out by the US Environmental Pro-
tection Agency (e.g. superfund sites in the San Fernando Valley, CA).

As it obtains electrons from the iron surface, nitrate is reduced inter-
mediately into nitrite and predominantly into ammonium/ammonia.
Fe0 oxidation leads to the reduction of Cr(VI), followed by the precipita-
tion of soluble Cr or mixed Fe/Cr (oxy) hydroxides (Liu et al., 2009).
Published research has evidenced the competition between NO3

− or
Cr(VI) and TCE for reactive sites (Farrell et al., 2000; Schlicker et al.,
2000; Dries et al., 2005; Sohn et al., 2006; Liu et al., 2007; Kim et al.,
2012; Jeen et al., 2013). In addition, the reduction of NO3

− or Cr(VI) by
Fe0 is a corrosive process and results in the formation on the Fe surface
of a film that acts as a barrier to further reactions. This surface passiv-
ation can inhibit the reduction of TCE by nZVI (Schlicker et al., 2000;
Dries et al., 2005; Liu et al., 2007). These competition phenomena had
previously been investigated by running the experiment with TCE
in the presence of only one other reducible species and following a
one at a time methodology. In this context, our purpose was to assess
whether it was possible to achieve satisfactory TCE removal in spite of
the negative impact of the concomitant presence of Cr(VI) and NO3

−

by acting on two parameters easily controllable on-site: nZVI surface
modification and concentration. An experimental design was imple-
mented to insure information quality and to minimize the number of
experiments. Specifically, a fractional factorial design was applied to
evaluate the effects of four factors (i.e. nZVI concentration, nZVI surface
modification, Cr(VI) concentration and NO3

− concentration) and of the
interactions between two factors. The effects of the factors were studied
by measuring the following responses: TCE removal rates at different
times, degradation kinetic rates, and the transformation products
formed.

2. Materials and methods

2.1. Reagents and chemicals

Trichloroethylene (≥99.5% TCE) and 1,1-dichloroethylene (99%
1,1-DCE) were purchased from Sigma-Aldrich (St Quentin Fallavier,
France). Standard stock solutions of cis-1,2-dichloroethylene
(5 mg·L−1 cis-DCE), trans-1,2-dichloroethylene (5 mg·L−1 trans-
DCE), and vinyl chloride (2 mg·L−1 VC) in methanol were obtained
from Supelco Analytical (St Quentin Fallavier, France), Toluene-D8
was obtained from Euriso-top (St Aubin, France), potassium chromate
(N99.5%), and potassium nitrate (99.6%) from VWR (Fontenay-sous-
Bois, France). Sodium carboxymethyl cellulose was purchased from
Sigma-Aldrich (St Louis, USA). Standard gases, ethane (≥99.95%),
ethene (≥99.95%), acetylene (≥99.6%), H2 (≥99.999%), and a mix of
propane, propene, butane and butene (1% of each in nitrogen) were
obtained from Linde Gas (St-Priest, France). Helium (99.9999%), argon
(99.999%) and nitrogen (99.999%) were purchased from Air Liquide
(Paris, France). Methanol for analysis was purchased from Merck
(Darmstadt, Germany).

2.2. Nanoparticles

nZVI particles (NANOFER 25P), with an average particle size of
50 nm, were obtained from NANOIRON (Rajhrad, Czech Republic).
They were shipped and stored in dry powder form under nitrogen in
an airtight steel container. Before use, the particles were dispersed in a
nitrogen purged vessel containing deoxygenated water. A fresh stock
solution of bare nZVI (B-nZVI) (92 g·L−1) was prepared just before
each experiment. Prior to the addition in experimental vials, the nano-
particles were exposed in an ultrasonic bath for 5 min, so as to disperse
potentially formed aggregates.

Carboxymethyl cellulose coated nZVI (CMC–nZVI) was prepared by
coating the B-nZVI particles with CMC. Coating was carried out by di-
luting the B-nZVI stock solution into a CMC stock solution ([CMC] =
20 g·L−1) prepared in deoxygenated water. The final concentration
and content were [Fe0] = 46 g·L−1and [CMC] = 200 mg·g−1 Fe0,
respectively. Then, the CMC–nZVI solution was agitated at 30 rpm
(rotating agitation) for 2 h, and placed in an ultrasonic bath for
5 min before spiking.

2.3. Batch experimental set-up

All experiments were set up to investigate the effects of NO3
− and

Cr(VI) on nZVI reactivity towards TCE. Batch experiments were con-
ducted in reactors consisting of 1 L glass bottles capped with a thick
PTFE-faced septum. They were prepared in an anaerobic glovebox,
where the reactor headspace was initially filled with nitrogen. Each re-
actor was filled with 1 L of deoxygenated water (resulting in a head-
space volume of ~150 mL). The reactors were first spiked with nZVI
and then equilibrated for 2 h. Then, appropriate volumes of CrO4

2−,
NO3

− and TCE stock solutions were added to reach the desired concen-
trations in the reactors (Table A.1). TCE concentration was constant
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(10 mg·L−1) for all experimental set-ups. During the kinetic monitor-
ing, the reactors were continuously stirred using an orbital shaker
(175 rpm) at room temperature (20 °C), in the dark.

2.4. Analysis of TCE and transformation products

The concentrations of TCE and of its chlorinated transformation
products (1,1-dichloroethylene, cis-dichloroethylene and vinyl chlo-
ride) in aqueous phase were determined using a PerkinElmer Clarus
600 gas chromatograph (GC) connected to a PerkinElmer Clarus 600C
mass spectrometer (MS) equipped with a PerkinElmer Turbomatrix
40 Trap headspace autosampler. Samples were collected from the aque-
ous phase from the experimental reactors in glass vials (10mL) and an-
alyzed in headspace mode, after equilibration for 20 min at 35 °C. The
GC was equipped with a split/splitless injector and a PerkinElmer Elite
5-MS column (60 m × 0.25 mm × 1 μm). The injection was performed
in split mode (split ratio 1/55 for 5 min) using He as carrier gas at
(193 kPa). The oven temperature was programed to start at 30 °C for
5 min, then increased gradually at a rate of 20 °C·min−1 up to 180 °C,
andmaintained for 1.50min. Ionizationwas realized by electron impact
at 70 eV. Transfer line and source temperatures were 250 °C. Acquisi-
tion was performed simultaneously in full scan (m/z = 26–400) and
selected ion (m/z= 27, 62, 64 for VC, m/z= 61, 96, 98 for DCE isomers,
m/z = 95, 130, 132 for TCE, and m/z = 98, 99, 100 for Toluene-D8)
modes. Toluene-D8 was used as an internal standard for analysis. The
performances of themethod were as follows. The repeatability evaluat-
ed by the intra-day residual standard deviation (RSD %, n = 5) was
about 2 to 3% for all analytes, except for VC (9.7%). The reproducibility
was evaluated for TCE using the inter-day RSD (n = 52) equal to 7.1%.
Method detection limits were 1 μg·L−1 for trans-DCE, 3 μg·L−1 for VC,
1,1-DCE and cis-DCE, and 5 μg·L−1 for TCE, and quantification limits
were 3 μg·L−1 for trans-DCE, 8 μg·L−1 for VC, 1,1-DCE and cis-DCE,
and 15 μg·L−1 for TCE. Concentrations of non-chlorinated transforma-
tion products in the gas phase were measured by collecting a 100 to
200 μL gas sample from the reactor headspace. Analysis was performed
with a PerkinElmer AutosystemXLGC equippedwith a split/splitless in-
jector, a PerkinElmer Elite-Q PLOT (30 m × 0.53 mm × 20 μm) column
and an FID detector. Argonwas used as carrier gas at a constant pressure
of 76 kPa. The initial temperature was set at 35 °C for 4 min, then
increased at a rate of 10 °C·min−1 up to 200 °C, and maintained for
1 min. For the seven gaseous compounds analyzed, the intra-day RSD
was less than 2%. Limits of quantification were 0.2 mg·m−3 for ethane,
ethene and acetylene, 0.5 mg·m−3 for propane and propene, and
0.7 mg·m−3 for butane and butene.

Both pH and oxido-reduction potential (ORP)weremeasuredwith a
hand held Multi 340i pHmeter equipped with a SenTix®41 electrode
(WTW, Weilheim, Germany). The aqueous phase was regularly moni-
tored (pH, ORP, concentrations of TCE and chlorinated transformation
products), from the initial time (addition of contaminants) to the final
time (about 500 h). The gas phase (non-chlorinated products) was
analyzed at t = 800 h.

2.5. Modeling

TCE kinetic rate constants were determined by fitting the measured
TCE concentrations to various models using SigmaPlot version 11.0
(Systat Software Inc., San Jose, USA).

A pseudo first-order model was applied to describe the degradation
of TCE by nZVI:

C ¼ C0:e
−kt ð1Þ

where C (M) is the concentration at a reaction time t (h), C0 (M) is the ini-
tial concentration, k (h−1) is the first-order rate constant and t (h) is the
reaction time. The Neperian logarithmic transformation of Eq. (1) yielded
a linear equation, the first-order rate constant k corresponding to the
slope estimated by linear regression of the ln-transformed data
versus time. k was normalized to the specific surface area of iron
(25 m2·g−1) to enable its comparison with other published values.

2.6. Experimental design

2.6.1. Experimental design methodology
A design of experiments consists of a group ofmathematical and sta-

tistical techniques that can be used to optimize the organization of the
experiments in order to quantify the relationship between the output
variables (responses) and the input variables (factors). After identifica-
tion of the most influential factors, a more detailed study can be
performed in order to detect possible interaction effects between the
factors, meaning that the influence of some factors could be different
according to the value of the other factors.

2.6.2. Experimental factors and domain of interest
Based on previous work reporting on the effect of several parame-

ters on TCE degradation (Song and Carraway, 2005; Liu et al., 2007;
Phenrat et al., 2009; Jeen et al., 2013), four experimental parameters,
noted as factors U1, U2, U3, U4, were chosen for this study: nZVI concen-
tration (U1), nZVI surface modification (U2), Cr(VI) concentration (U3),
and NO3

− concentration (U4). The experiments presented here were
designed tomimic the field conditions, so valueswere chosen according
to in-situ application requirements. NANOFER, commercially available
nZVI used in several European field application projects, was selected
for this study (Mueller et al., 2011). Generally NANOFER is injected in-
situ at concentrations ranging from 1 to 5 g·L−1, but nZVI concentra-
tions are very site-specific (Mueller et al., 2011). Saleh et al. (2007)
suggested that field scale operations needed at least 3 g·L−1 of nZVI.
The nZVI concentrations tested herewere chosen in this range of values.
In addition, as the nZVI surface can be modified with a polymer or a
polyelectrolyte to improve particle mobility, we aimed to test both
bare nZVI and surface modified nZVI. CMC was chosen for nZVI surface
modification because, as reported in recent studies (He et al., 2010;
Johnson et al., 2013), it presents many advantages such as low cost
and environmental compatibility, and is considered as a potential elec-
tron donor for biological communities.

nZVI is a remediation technology particularly appropriate to treat
highly polluted areas, such as source area. Hence, TCE concentration
was fixed at 10 mg·L−1, which is in the concentration range reported
in recent nZVI field-applications (Henn and Waddill, 2006; He et al.,
2010;Mueller et al., 2011). As for Cr(VI), concentration levels were cho-
sen based on recent lab andfield studies (Xu and Zhao, 2007; Scott et al.,
2011; Němeček et al., 2013). Finally, NO3

− concentration levels were
fixed in the range 41 to 411 mg·L−1, typical for natural groundwa-
ters (Dou et al., 2010). Fe0 was in excess for all experimental condi-
tions, except for the ones with NO3

− concentration at upper level
(400 mg·L−1).

Two levels, codedupper and lower limits (Xi=− andXi=+),were
attributed to each factor. The experimental values for these factors, de-
termined in agreement with comments and studies cited above, are de-
scribed in Table A.1.

2.6.3. Design of experiments
The aim of this study was to evaluate the influence of the four

parameters by considering the interaction effects which quantify the
change in the effect of one factor when another factor is varied from
its low to its high level. We postulated that the result of each experi-
ment is a linear combination of themain effect bi and interaction effects
bij of each dimensionless variable X1, X2, X3, X4 (Eq. (2)). Interactions
between three or more variables were considered negligible.

Y ¼ β0 þ β1X1 þ β2X2 þ β3X3 þ β4X4 þ β12X1X2 þ β13X1X3 þ…
þ β34X3X4 þ ε ð2Þ
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where ε is a random error term representing whatever inaccuracy such
model can have. This model is valid only for the tested levels (−1 and
+1), and therefore cannot be used for any interpolation or extrapola-
tion. In order to estimate the coefficients at the best, a suitable experi-
mental design was performed, more precisely a D-optimal design with
12 experiments, which is a subset of the experiments from the full fac-
torial design. Table 1 presents the 12 experiments of the design, with
replicates for 2 experiments.

3. Results and discussion

The experimental conditions and experimental responses (respec-
tively namedU and Y) are presented in Table 1. Experimental responses
were TCE removal at t = 500 h (Y1 %), TCE removal at t = 80 h (Y2 %),
the molar ratio of transformation products to the initial TCE for non-
chlorinated transformation products (Y3 %) and for chlorinated trans-
formation products (Y4 %), the initial pH (Y5), the final pH (Y6),the ini-
tial ORP (Y7mV) and the final ORP (Y8mV). The measured compounds
correspond to TCE transformation products generated through the
identified reduction pathways (See Fig. A.1.) (Arnold and Roberts,
2000; Liu et al., 2005; Li et al., 2012). In addition, we did not detect
TCE transformation products other than those previously reported.
Data concerning the quantification of NO3

− and transformation products
(NO2

− and NH4
+) and Cr(VI) are given in supplementary information

(Table A.2), but these values were not included among the responses
analyzed statistically for the experimental design.

3.1. Correlation between responses

For each response, values were plotted as a function of other
responses, in order to evaluate the correlation between responses.
Among the possible combinations, only two were significantly correlat-
ed. An inverse proportionality was found between the initial pH (Y5)
and the initial ORP (Y7), and the final pH (Y6) and the final ORP (Y8)
(Fig. A.2), indicating that these responses are controlled by the same
factors and interactions.

3.2. TCE removal, kinetic rates and effects of factors

TCE removal rates measured after 80 h and at the end of the exper-
iment (500 h) are presented in Fig. 1a.

Profiles of TCE removal rate at t = 80 h varied, depending on the ex-
perimental conditions (Table 1), and a high TCE removal was observed
in only three experimental trials: Runs 4, 9 and 15 with 70.7%, 53.8%,
Table 1
Experimental design and experimental results.

Run number Design of experiments Experimental conditions

X1 X2 X3 X4 U1 (g·L−1) U2 U3 (mg·L−1) U4 (

1 −1 −1 1 −1 0.9 B-nZVI 20 40
2 1 −1 −1 −1 2.8 B-nZVI 3 40
3 −1 1 −1 1 0.9 CMC–nZVI 3 400
4 1 1 1 1 2.8 CMC–nZVI 20 400
5 −1 −1 1 1 0.9 B-nZVI 20 400
6* 1 −1 −1 1 2.8 B-nZVI 3 400
7* 1 −1 −1 1 2.8 B-nZVI 3 400
8 −1 1 −1 −1 0.9 CMC–nZVI 3 40
9 1 1 1 −1 2.8 CMC–nZVI 20 40
10 −1 −1 −1 −1 0.9 B-nZVI 3 40
11* 1 −1 1 −1 2.8 B-nZVI 20 40
12* 1 −1 1 −1 2.8 B-nZVI 20 40
13* 1 −1 1 −1 2.8 B-nZVI 20 40
14 −1 1 1 1 0.9 CMC–nZVI 20 400
15 1 1 −1 1 2.8 CMC–nZVI 3 400

U1= nZVI concentration; U2= nZVI surfacemodification; U3= Cr(VI) concentration; U4= N
Y3= molar ratio of non-chlorinated transformation products to initial TCE (%) at t = 800 h
Y5= initial pH; Y6= final pH; Y7= initial ORP (mV); Y8= final ORP (mV). For Y3 and Y4, va
1) correspond to replicates. **Outlier values, not taken into account for data treatment.
and 76.5%, respectively. For the other experimental setups, values
were significantly lower (b24%) or even zero. These results indicate
that one (or several) tested factor(s) had an effect on the TCE degrada-
tion at the early stages of the experiment. Results for TCE removal rates
at t = 500 h showed a complete removal for Runs 2, 4, 8, 9 and 15. This
result is not surprising for Runs 4, 9 and 15, since the corresponding TCE
removal rates at t = 80 h were high, but it was not the case for Runs 2
and 8. Valueswere significantly lower for the other experimental setups
(6.1–39.1%). These results suggest that one (ormore) factor(s) could af-
fect the TCE removal kinetic rates.

Degradation kinetic rates were evaluated for runs with a complete
TCE removal (Runs 2, 4, 8, 9 and 15). Data were plotted as the Neperian
logarithm of the TCE concentration at a reaction time t to the initial
TCE concentration (ln ([TCE]t / [TCE]0)) versus reaction time
(Fig. 1b) and fitted with a pseudo-first order model. Different trends
were observed. First, identical profiles were obtained for Runs 4 and
15, and data were well fitted with the proposed model with, kTCE =
0.022 h−1 (r2= 0. 980) and kTCE= 0.021 h−1 (r2= 0.993), respectively.
Run9, however, showed a lower initial kinetic rate (kTCE= 0.009 h−1,
r2 = 0.966), with a slight increase in the slope occurring at about
170 h (kTCE = 0.044 h−1, r2 = 0.951). Finally, Runs 2 and 8 showed
a plateau at the beginning of the experiment, and degradation
started at t = 150 h (kTCE =0.029 h−1, r2 = 0.999) and 130 h
(kTCE = 0.008 h−1, r2 = 0.995), respectively. These differences indi-
cate that TCE removal may be delayed at the beginning of the exper-
iment, and could occur at different kinetic rates. These results are in
agreement with the available literature studies, which showed
inhibited or delayed TCE degradation and lower kinetic rates in the
presence of NO3

− or Cr(VI) (Cho and Park, 2005; Dries et al., 2005;
Liu et al., 2007).

In order to quantify the main interaction effects, datasets were
statistically treated with a synergic model (Eq. (2)), and coefficients
(bi and bij) were estimated using a multilinear regression. Results are
presented in Fig. 2.

Fig. 2a shows that the nZVI concentration (U1) and nZVI surface
modification (U2) were the most significant individual factors affecting
TCE removal at t = 500 h. Both factors showed a positive influ-
ence (b1 = 31.3 and b2 = 32.76), which means that the coded
levels Xi = +, corresponding to nZVI concentration = 2.8 g·L−1

and nZVI surface modification = CMC–nZVI, increase the TCE removal
at t=500h. On the other hand, TCE removal rate at t=80 hwas affected
by an interaction between these factors (Fig. 2b) (b1–2 = 10.56), indicat-
ing that the best condition tomaximize TCE removal at t= 80 h depends
on the level of both factors (U1 and U2), and changing the level of one of
Experimental results

mg·L−1) Y1 (%) Y2 (%) Y3 (%) Y4 (%) Y5 Y6 Y7 (mV) Y8 (mV)

20.0 0 0.6 0 8.3 8.6 −90 −104
100 19.4 98.5 1.86 9.3 10.3 −155 −220
13.1 14.7 10.1 0.79 9.9 11.4 −186 −277

100 70.7 90.8 0.75 10.4 11.6 −217 −293
15.7 12.8 0.2 0 9.1 9.0 −141 −153
23.5 14.5 1.5 0.03 9.7 10.5 −178 −226
29.6 12.4 0.1 0 9.7 9.1 −175 −148

100 23.5 83.0 3.42 10.3 10.5 −182 −230
100 53.8 86.1 3.11 10.4 10.9 −219 −252

6.1 2.4 1.0 0 9.4 8.8 −159 −147
39.1 12.8 22.0 1.06 10.3 10.5 −213 −227
17.4 11.5 18.8 0.04 10.2 10.2 −208 −210
22.6 7.9 ** ** 10.0 10.0 −194 −197
30.4 13.5 33.5 0 10.4 10.8 −217 −239

100 76.5 81.3 0.84 10.1 11.6 −200 −291

O3
− concentration; Y1= TCE removal at t = 500 h (%); Y2= TCE removal at t= 80 h (%);
; Y4= molar ratio of chlorinated transformation products to initial TCE (%) at t= 800 h;
lues were corrected by the number of carbon. *Runs highlighted with an asterisk (column



Fig. 1. TCE removal rate (%) at t = 80 h and t = 500 h for each experimental set-up (Runs
in Table 1) (a). TCE degradation for different experimental set-ups as the Neperian
logarithm of the TCE concentration at a reaction time t [TCE]t to the initial TCE concentra-
tion [TCE]0 versus reaction time (b). Lines represent a pseudo-first order fit.
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these factors results in a change in the overall effect. Fig. 2c,which details
this interaction, indicates that TCE removal rate at t=80hwas slight-
ly improvedwhenonly one of these factorswas increased from level Xi=
− to level Xi = +, while a significantly higher removal was achieved if
both factors were at level Xi = + (nZVI concentration = 2.8 g·L−1 and
nZVI surface modification = CMC–nZVI).

Improving the final TCE removal by increasing nZVI concentration
can be accounted for by the increase in the amount of reactive sites
available for TCE reduction. These results are consistent with those of
Song and Carraway (2005) andWang and Zhou (2010), who suggested
a linear relation between nZVI dose and contaminant reduction.

It was not expected that the effect of nZVI surface modification
would be the improvement of TCE removal, with regard to the results
of Phenrat et al. (2009), whichdemonstrated a limitation of polyelectro-
lytemodified nZVI reactivity towards TCE. On the one hand, CMC layers
could concentrate TCE, due to its hydrophobic character, but they
limit the mass transfer to the nZVI surface reactive sites (Phenrat
et al., 2009). On the other hand, CMC is negatively charged at pH N5.5
(Pensini et al., 2011), which could cause electrostatic repulsion of an-
ions, hence promoting the degradation of TCE rather than that of nitrate
and Cr(VI). Accordingly, it has been reported that Cr(VI) removal by
nZVI was improved by positively charged nanoparticles, due to the at-
traction of negative Cr(VI) ions, andwas inhibited bynegatively charged
particles, due to the repulsion of negative Cr(VI) ions (Lv et al., 2011).
Secondly, it was necessary to increase both factors U1 and U2 to
significantly improve TCE removal in the early stages of the experiment
(t = 80 h). This result could be explained by the fact that the reduction
kinetic rates are higher for Cr(VI) and NO3

− than for TCE (Alowitz and
Scherer, 2002), and suggests that competition for reactive site occurs
at the beginning of the experiment. Using nZVI in high concentration
and CMC surface modification could limit these competition effects.

TCE removal rate at t = 80 h was affected by an interaction be-
tween nZVI surface modification and Cr(VI) concentration (Fig. 2b)
(b2–3 = −5.03). Best removal rates were obtained for CMC-
modified nZVI and low Cr(VI) concentration (Fig. 2d). Nevertheless,
for both Cr(VI) concentrations (3 and 20 mg·L−1), using CMC–nZVI
rather than B-nZVI improved TCE degradation. These results suggest
that surface modification by CMC could limit the competition be-
tween TCE and Cr(VI).

Finally, TCE removal rates at t = 80 h and 500 h were affected by an
interaction between Cr(VI) and NO3

− concentrations (Fig. 2a and b)
(b3–4). Optimum conditions were obtained for low concentrations
of both ions (Figs. 2e and A.3), and increasing the concentration of
one of them led to decreased TCE removal rates, suggesting competi-
tion between both inorganics. This effect is more pronounced at 500
h (Fig. 2e). For TCE removal at t = 500 h, the effect of NO3

− seemed to
be inhibited by high Cr(VI) concentration. This result could suggest
higher reduction kinetic rates for Cr(VI). Studies on the individual
effects of NO3

− and Cr(VI) on nZVI oxidation have shown that nZVI
were passivated by both ions (Reinsch et al., 2010; Suzuki et al.,
2012). NO3

− causes the formation of a protective shell (magnetite)
(Reinsch et al., 2010), and Cr(VI) is reduced to Cr(III), then precipi-
tates and is incorporated into a Fe(III)–Cr(III) oxide shell (Suzuki
et al., 2012). The formation of these oxide shells leads to the passiv-
ation of the iron surface and inhibits electron transfers from the Fe0

core, leading to a decrease in reactivity (Li et al., 2008; Suzuki et al.,
2012; Jeen et al., 2013). Furthermore, kinetic rates are higher for
Cr(VI) than for NO3

− (Alowitz and Scherer, 2002), and thus Cr(VI) is
probably the first pollutant which reacts with nZVI. High Cr(VI) con-
centrations probably cause a passivation of the iron particle surface,
affecting NO3

− effect and nZVI reactivity towards TCE. However, fur-
ther experiments are necessary to confirm this hypothesis.

3.3. TCE degradation transformation products and effects of factors

Chlorinated transformation products weremeasured in the aqueous
phase at t = 500 h, and non-chlorinated transformation products were
measured in the gas phase at t = 800 h, for each experimental setup
(Table 1). The displayed values correspond to the molar ratio of trans-
formation products to initial TCE (%) for non-chlorinated transforma-
tion products (Y3 %) and for chlorinated transformation products
(Y4 %). Values were corrected by the number of carbon atoms in
the molecule considered, i.e. 1 mol of butane corresponds to 2 mol
of TCE.

TCE was first transformed into ethane (major), ethene and coupling
products with 3 or 4 carbons (propane, propene, butane and butene,
ΣC3–C4) (minors), which are mainly present in the gas phase (Fig. 3).

Traces of acetylenewere also detected in some cases (not shown). In
addition, small amounts of chlorinated products (cis-DCE (major),
1,1-DCE (minor) and vinyl chloride (traces)) were quantified, mainly
in the aqueous phase, andwere generally not detected anymore before
the end of the experiment. This observation is consistent with other
studies on TCE dechlorination with different ZVI or nZVI particles,
which proposed β-elimination as the main dechlorination pathway,
with the predominant formation of ethane and ethene (Roberts et al.,
1996; Liu et al., 2005) (Fig. A.1).

As presented in Fig. 3, the amounts of the main transformation
products formed were significantly different, depending on the experi-
mental setup. To characterize the mechanisms of TCE removal, the
decrease in TCE concentration was compared with the appearance of
transformation products generated by reduction according to the path-
ways presented in Fig. A.1. For that purpose, the carbon mass balance
(CMB)was calculated as the ratio (%) of the sumof thefinal transforma-
tion products quantified to the quantity of TCE removed. Results fall into
three broad categories. For the first one (Runs 2, 4, 8, 9, and 15) we



Fig. 2. Effects of nZVI concentration (U1), nZVI surface modification (U2), Cr(VI) concentration (U3) and NO3
− concentration (U4) on TCE removal rate at t = 500 h (Y2) (a) and t = 80 h

(Y1) (b). bi represents the effect of the factor Ui on the response (Yi). A positive value indicates that the factor increases the response when it is changed from level (−) to level (+). A
negative value indicates that the factor decreases the responsewhen it is changed from level (−) to level (+). Effect is considered significantwhen the value is higher than the significance
limits (dotted lines). bij represents the interaction between the factors Ui and Uj. If bij is significant, individual effects (bi and bj) are not considered (hatched bars). Graphs of interaction
effects on TCE removal rate at t= 80 h (c and d) and TCE removal at t= 500 h (e): axes represent the interacting factors, and numerical values represent the response for the correspond-
ing conditions. Reading the interaction graph from left to right, or from bottom to top means increasing the factor from level (−) to level (+).
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observed complete TCE removalwith awell-balanced CMB (N80%). This
indicates that TCE removal was efficient and obviously due to reductive
dechlorination. The second category (Runs 3, 11, 12, and 14) showed
incomplete TCE removal, also due to reductive dechlorination since
CMB was higher than 80% (except for Run 11, CMB = 56%), reflecting
less favorable conditions for TCE reduction than the first category of
Fig. 3. Relative abundance of the transformation products detected at t = 800 h (%) and
comparison with TCE removal rate at t = 500 h, for each experimental set-up. For easier
reading, only main transformation products (non-chlorinated products) were reported.
Values represent the molar ratio of transformation product to initial TCE, for ethane, ethene
and coupling products (ΣC3C4), and were corrected by the number of carbon, i.e. 1 mol of
butane corresponds to 2 mol of TCE. Numbers represent carbon mass balance (CMB) for
each experimental set-up, which includes chlorinated transformation products.
experimental runs. Ethane, ethene and coupling product (ΣC3–C4) rela-
tive abundances were quite similar, except for Runs 9 and 14, where
ethane was dominant at the expense of ethene. Conversely, the third
category (Runs 1, 5, 6, 7, 10 and 13) showed efficient removal of TCE
but poor CMB (b20%), which could suggest that TCE removal was
more controlled by sorption phenomenaor volatilization losses. In addi-
tion, low TCE removal values showed that TCE reduction was strongly
affected by some of the tested factors, to the point of inhibiting the
reaction.

Concerning NO3
− (see Table A.2), as for TCE, we obtained a total re-

moval for some conditions (Runs 1, 2, 4, 8, 9 and 15) with a satisfactory
N mass balance (NMB) (Runs 1, 2, 4 and 15), implying a reduction
mechanism for nitrate. For some experiments, as for TCE, the poor
NMB probably reflects sorption phenomena. Chromium removal (see
Table A.2) was complete and very fast, except for conditions 5 and 1
(not determined). Run 5 seemed to correspond to the poorest condi-
tions in term of TCE, NO3

− and Cr(VI) removal.
3.3.1. Non-chlorinated transformation products
The conversion of TCE to non-chlorinated transformation products

was mainly affected by the nZVI surface modification (U2), which en-
hances the production of non-chlorinated transformation products
(Table A.2). As shown above, using CMC-modified nZVI enhanced the
reduction of TCE, and therefore its conversion to non-chlorinated trans-
formation products. As observed for TCE removal rates, the formation of
non-chlorinated products was impacted by an interaction between
Cr(VI) concentration (U3) and NO3

− concentration (U4) with a b3–4
value of 21.86 (Table A.3 and Fig. 4), which gave rise to a higher
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production of non-chlorinated transformation products for low concen-
trations of both ions.

Increasing NO3
− concentration for high Cr(VI) concentration did not

significantly change the response value. These results suggest that
Cr(VI) and NO3

− competed with TCE but could also compete with each
other. Furthermore, Cr(VI) could be the most efficient competitor
when present at high concentration, even if the ratio NO3

− to TCE is
significantly larger than the ratio Cr(VI) to TCE.

A lower interaction (b1–3 = −11.98) was also found between nZVI
concentration (U1) and Cr(VI) concentration (U3) (Fig. 4). Higher
amounts of transformation productswere produced for nZVI concentra-
tion at level Xi=+ and Cr(VI) concentration at level Xi=−. However,
when Cr(VI) concentrationwas at level Xi=+, an increase in nZVI con-
centration resulted in less impact.

3.3.2. Chlorinated transformation products
The production of chlorinated transformation products was only

controlled by nZVI surface modification (U2) and NO3
− concentration

(U4) with an interaction effect (Table A.3). Higher chlorinated transfor-
mation product concentrations were measured for CMC–nZVI and low
NO3

− concentration (Fig. A.4). Modifying one of the two factors led to a
decrease in the production of chlorinated transformation products. It
is noteworthy that increased chlorinated transformation product
concentration did not necessarily reflect an improvement in the TCE
degradation rate, but could suggest that the chlorinated transformation
products accumulated more and longer due to low kinetic rates and/or
inhibition of their degradation. Nevertheless, as discussed above, NO3

− is
known to form a passivating layer around the particles, which decrease
the electron transfer from the core, and decrease or inhibit the TCE re-
duction and thus the formation and subsequent reduction of its trans-
formation products (Liu et al., 2007; Reinsch et al., 2010; Suzuki et al.,
2012). Further experiments, including particle surface characterization,
would be necessary to determine howpassivation affects the accumula-
tion of chlorinated transformation products.

4. Physico-chemical properties

Initial conditions (pH and ORP) were measured a few minutes after
spiking the contaminants, and final conditions (pH andORP)weremea-
sured at t = 500 h. Values are given in Table 1. From this table it can be
noticed that initial conditions (Y5 and Y7) were alkaline (pH = 8.3 to
10.4) and reductive (ORP = −90 to −219 mV), due to the corrosion
of ZVI by water (Eq. (3)) (Chen et al., 2001).

Fe0 þ 2H2O→Fe2þ þ H2↑ þ 2OH−
: ð3Þ

As shown by thefinal pH andORP values (Y6 and Y8), the conditions
became more alkaline and reductive at the end of the experiments.
This could be explained by the reduction of NO3

− and Cr(VI) by nZVI,
which subsequently leads to a decrease in ORP and to the formation of
Fig. 4. Interaction effects of Cr(VI) concentration (U3) and NO3
− concentration (U4) (a),

and nZVI concentration (U1) and Cr(VI) concentration (U3) (b) on the response molar
ratio of non-chlorinated transformation product to initial TCE (Y3).
hydroxyl ions, as described by Melitas et al. (2001) and Yang and Lee
(2005):

4Fe0 þ NO−
3 þ 7H2O→4Fe2þ þ NHþ

4 þ 10OH− ð4Þ

Fe0 þ CrO2−
4 þ 4H2O→CrðOHÞ3 þ FeðOHÞ3 þ 2OH−

: ð5Þ
The variation in the pH and ORP values between batch experiments

may be attributed to the variation in the tested factors. The model coef-
ficients estimated by multilinear regression are given in Table A.4.

The initial pH and ORP values were affected by an interaction be-
tween nZVI concentration (U1) and nZVI surface modification (U2)
(Fig. A.5). For B-nZVI, increasing nZVI concentration led to increased
pH values and decreased ORP values, due to the typical corrosion of
iron by water (Eq. (1)) (Chen et al., 2001). This effect was not observed
for CMC–nZVI, suggesting that coating nZVI surface with CMC could
protect iron from the initial corrosion by water (Wang et al., 2010).
Given that CMC–nZVI was post-synthesis modified, hydroxyl ions
could have been generated by reduction of traces of dissolved oxygen
(Eq. (6)) present in the CMC stock solution.

2Fe0 þ 4Hþ þ O2→2Fe2þ þ 2H2O: ð6Þ

Another interaction affecting the initial pH and ORP was found
between nZVI concentration (U1) and Cr(VI) concentration (U3)
(Fig. A.5). The results deduced from the experimental design show
that the initial conditions are not only due to the corrosion by water
but also due to the reduction of chromate. This can be justified by
other studies demonstrating that the latter reaction is very fast (several
minutes even at pH 8) (Li et al., 2008; Liu et al., 2010).

Increasing nZVI concentration for Cr(VI) up to 20mg·L−1 results in a
more efficient Cr(VI) reduction reflected by the more alkaline and re-
ductive conditions (see Eq. (5)), since the ratio of active sites to Cr(VI)
concentration is increased (Li et al., 2008). For a Cr(VI) concentration
of 3 mg·L−1, this interaction effect is less perceptible since the ratio of
active sites to Cr(VI) concentration is high whatever the concentration
of nZVI.

Both the final pH and ORP values were affected by the nZVI concen-
tration (U1) and nZVI surface modification (U2) (Fig. A.6). Solutions
were more alkaline and reductive for high nZVI concentration or for
CMC-modified nZVI. Since no effect of or interaction between the factors
Cr(VI) concentration and NO3

− concentrationwas noticed, only the nZVI
concentration and surface modification managed independently the
long-term physicochemical conditions of the solution.

5. Conclusion

Cr(VI) and NO3
−, at concentration levels examined in this study (tens

of mg·L−1), could affect the reactivity of nZVI towards TCE. However, in
the present work, satisfactory TCE removals were achieved for the lowest
concentration levels tested, i.e., 3 mg·L−1 of Cr(VI) and 40 mg·L−1 of
NO3

−, either by increasing the concentration of nZVI, as expected, or by
modifying nanoparticle surface with CMC, which also has the advantage
of improving themobility of nZVI through the aquifer.Moreover, the neg-
ative effects of the co-pollutants at the highest concentration levels tested
(20 mg·L−1 of Cr(VI) and 400mg·L−1 of NO3

−) can be palliated by com-
bining surface modification with a slight increase in nZVI concentration.
Even if a decrease in TCE kinetic rates was observed, the half-life
times remained sufficiently short for in-situ applications. For instance,
in the presence of 400 mg·L−1 of NO3

− and 20 mg·L−1 of Cr(VI), a com-
plete removal of TCEwas achieved in about 1weekwhen using 2.8 g·L−1

CMC–nZVI. In addition, taking into account the method detection limits
(5 μg·L−1) and a 10 to 15% experiment uncertainty, the TCE concentra-
tion has dropped below 10 μg·L−1, which is the threshold concentration
for groundwater good status that has been fixed in France, according to
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the European Water Framework Directive (2000/60/EU, 2006/118/EU).
Moreover, TCE concentration is certainly very close to the EPA maximal
contaminant level (MCL), which has been set at 5 μg·L−1. These results
are promising in terms of in-situ applications.

Moreover, the reactivity and fate of nZVI particles in groundwaters
can also be affected by the presence of non-reducible ionic species,
such as SO4

2−, Cl−, HPO4
2− or HCO3

− (Agrawal et al., 2002; Liu et al.,
2007). Their effects depend on their concentration levels, as for Cr(VI)
and NO3

−. These concentrations are highly site-dependent and can
cover a wide range, given that their sources can be natural or anthropic.
Hence, it is necessary to characterize groundwaters as finely as possible
before treatment. The methodology proposed here could help optimize
the appropriate injection parameters, through preliminary laboratory
experiments, taking into account the geochemistry and the complexity
of the groundwater studied.
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